Restriction-fragment-length polymorphisms in mitochondrial DNA (mtDNA) were used to evaluate geographic population genetic structure in the rock hyrax, Procavia capensis, a species which occurs widely, though restricted to rocky habitat, throughout South Africa. Ten restriction endonucleases were employed to assay mtDNAs from 55 specimens representing 10 localities. Haplotypes showed strong geographic patterning, and estimates of nucleotide sequence divergence indicate two major clades thought to be dispersing along separate routes. The divergence time of -2 Myr between clades is relatively high for intraspecific variation. We speculate that the marked genetic break distinguishing the northwestern populations from those constituting the south/central clade may be indicative of two species in what has conventionally been regarded as P. capensis.
Introduction
The most widely encountered representative of the Hyracoidea in South Africa is the rock hyrax, Procuviu cupensis. The species is restricted to suitable rocky habitat, resulting in a typically disjunct and patchy distribution. Although dispersion undoubtedly occurs between "terrestrial islands," it is thought to be minimal (Smithers 1982, p. 544) , an observation that has not been rigorously assessed. In fact, given the habitat dependency, it seems likely that range expansion and subsequent colonization in the species occurs in times of suitable climatic/vegetation conditions, with the population flush being followed by a crash in less favorable periods-a life history implied by previously recorded localized population explosions (Kolbe 1967) .
Although biochemical methods such as protein electrophoresis have traditionally contributed greatly to the understanding of population genetic and phylogenetic relationships (Avise et al. 1979) , more recently, molecular analyses involving the restriction-enzyme assay of mitochondrial DNA (mtDNA) have been increasingly used. Since mtDNA analyses are useful in assessing patterns of relatedness over relatively recent time scales, present population genetic structure can often provide insight into the ecological and demographic influences of the past. For example, it has been proposed that historical patterns of gene flow and extrinsic barriers to animal dispersal have a major influence on mtDNA phylogeographic structure in animal populations (Ball et al. 1988) . Consequently, while certain taxa which inhabit a continuous environment show highly interconnected mtDNA patterns (e.g., some fish species; Graves et al. 1984; Avise et al. 1986; Graves and Dizon 1989) ) terrestrial vertebrates frequently exhibit extensive geographic partitioning of mtDNA polymorphisms. lb 2c 3a 4e 5d 6c 7a 8c 9a 1Oc  lb 2c 3a 4e 5d 6d la 8c 9c 1Oc lb 2c 3a 4e 5d 6d la 8c 9a 10a lb 2c 3a 4e 5d 6d 7a SC 9h 1Oc le 2f 3b 4c 5h 6b 7a 8c 9f 1Oc la 2c 3a 4c 5d 6b la 8c 9c 1Oc la 2c 3c 4c 5d 6b 7a 8f 9c 1Oc la 2c 3a 4f 5d 6b 7a 8c 9c 1Oc la 2c 3a 4a 5d 6b 7a 8c 9c 1Oc la 2c 3a 4g 5d 6b 7a 8c 9c 1Oc la 2c 3a 4c 5d 6b lc 8c 9c IOc la 2c 3a 4c 5f 6b 7a 8c 9c IOc la 2a 3b 4a 5c 6a 7a 8b 9a IOa la 2c 3a 4d 5d 6b 7a SC 9a 1Oc la 2c 3a 4c 5d 6b 7c 8c 9a 1Oc la 2a 3b 4a 5a 6a 7a 8b 9a 1Oa la 2a 3b 4c 5j 6a 7a 8b 9a lob la 2c 3a 4c 5d 6b 7a 8c 9c 10f le 2f 3a 4e 5i 6b 7a 8c 9c 10f After density centrifugation and removal of the mtDNA band from the gradient, excess ethidium bromide was removed by iso-amylalcohol extraction and cesium chloride by dializing it against 1 X TE (0.0 1 M Tris and 0.5 mM EDTA) . No ethanol precipitation step was included in our procedure.
Samples (20-40 ng mtDNA) were subsequently digested, according to the manufacturers specifications, with 10 type II restriction endonucleases: AvaI (C/YCGRG), BumHI (G/GATCC), DraI (TTT/AAA), HincII (GTY/RAC), Hind111 (A/ AGCTT), PvuII (CAG/CTG), Sac1 (GAGCT/C), ScaI (AGT/ACT), StuI (AGG/ CCT), and XbaI (T/CTAGA).
Resulting restriction fragments were end-labeled to high specificity with 32P dCTP by using the large klenow fragment of Escherichiu coli polymerase I and were electrophoretically separated through 1% agarose gels. HindIIIdigested phage lambda DNA was used as the molecular-weight standard. Gels were vacuum-dried onto 3MM Whatman chromatography paper and were autoradiographed ( Fugi RX Medical X-ray film). Digestion profiles comprising very small fragments that were frequently obscured by background in the end-labeled preparations were confirmed by transferring mtDNA fragments to hybridization membranes by Southern blotting (Southern 1975 ) and were screened with labeled (Feinberg and Vogelstein 1984) hyrax mtDNA as probe. Each enzyme was designated by a numerical character, while an alphabetical character was assigned to each unique restriction-fragment pattern produced by a specific enzyme. For each hyrax specimen a lo-character code was thus formulated (the haplotype) . Nucleotide diversity (within populations) and divergence estimates (between populations and haplotypes) were calculated using the Restsite program (Nei and Miller 1990) . Correction for multiple hits was made according to the Jukes and Cantor method using equation ( 5.3 ) of Nei ( 1987 ) . Standard errors were computed by bootstrapping with 200 replications and by random replacement. The resulting matrix was used for a phylogenetic analysis of haplotypes by the neighbor-joining algorithm (Saitou and Nei 1987 ) .
We also assessed the number of mutational steps between restriction-fragment patterns for all enzymes. The 19 clones were examined pairwise to calculate the minimum number of mutational steps between them and were then connected in a minimum-path tree involving the least number of mutations between haplotypes (Lansman et al. 1983) . 
Results
Figure 1 depicts representative digestion patterns for five restriction endonucleases. Because measurements of large fragments are subject to error, the hyrax mitochondrial size ( -16,626 f 55 bp; N = 83) was estimated using appropriate patterns with fragments 200-9,000 bp in size. In total, 98 distinct fragments were produced for the 55 study specimens. This resulted in a mean number of 4.07 fragments per fragment pattern. A total of 37-40 fragments were scored per individual, resulting in a survey of 228.32 nucleotides on average, or 1.37% of the 16,626-bp rock hyrax mitochondrial genome.
Nineteen different composite haplotypes were observed (table 1 ) , all of which, with the exception of two (2 and 6)) were restricted to specific geographic areas. The nucleotide diversities within sample populations (excluding population D, which had only one specimen) are presented in table 2, while d xy and dA values (Nei and Miller 1990) are given in table 3.
Pairwise estimates of nucleotide divergence between the 19 clones are presented in table 4. Mean nucleotide divergence within the species was calculated at 0.02 f 0.003; a maximum divergence of approximately 0.07 was observed between two clones (4 and 17) from the geographically most distant localities (A and I).
Relationships among the 19 mtDNA clones, representative of 10 geographic populations, are summarized in the neighbor-joining tree ( fig. 2) . Two major clusters are apparent. The larger and geographically more extensive cluster comprises populations from the south, central, and northeastern portions of the country (clones 1-12, 14-15, and 18-19)) while the second clade (clones 13 and 16-17) is restricted to the extreme northern and northwestern parts of South Africa. Nucleotide divergence between the two major clades was estimated to be 4.2% (f0.9%) which, if a rate of sequence divergence of 2%/Myr (Brown et al. 1979 ) is assumed, may be interpreted as indicating an evolutionary divergence time slightly >2 Mya. Figure 3a shows a phylogenetic network of the Procavia capensis clones that is inferred from restriction-morph patterns from all 10 restriction endonucleases used in the study. The tree has been superimposed over a map of South Africa and is presented in conjunction with the positions of the major South African mountain ranges ( fig. 3b) . Each encircled area encompasses the sample locality from which a given numbered clone was collected. Two major clonal assemblages are apparent which mirror the topology of the neighbor-joining tree presented in figure 2.
Discussion
The gain or loss of specific restriction sites was generally unique to each population studied, thus creating a patchwork of mtDNA clones with haplotypes showing strong geographic patterning. Within the large south-central clade the B (Beaufort West) population is connected to all the other populations with relatively low numbers of mutational steps ( fig. 3a) . Clone 6 was the most frequently observed haplotype within the B sample. It differs from the majority of the other central South African clones (7-12 and 18) by only one or two site changes and thus is central to this tree. It is possible that the low levels of genetic divergence between clone 6 and other geographically distant but closely related clones present in populations D, E, F, and G, may reflect evolutionarily recent colonization events from some ancestral Karoo stock to these regions. Should this hypothesis hold, it is reasonable to infer that, where several mutational steps separate the more divergent haplotypes within the same population (clones I& 19 in population G and clones 14 and 15 in population H), a recent colonization event is superimposed on an older population. We can only speculate on possible reasons for what appear to be relatively recent colonizations from this area to regions in the south-central portion of the country. Nonetheless, it seems possible that population flushes similar to that witnessed in the 1930s (Kolbe 1967 ) may have characterized the hyrax' s recent evolutionary past. Compare the patterns of range expansion at that time with the mtDNA relationships referred to above. It has been reported (Kolbe 1967 ) that enormous increases in population numbers (thought to be due to the combined effects of reduced predation and to vegetational, hydrological, and climatological factors) resulted in hyrax movement away from rocky refuges to intervening and marginal habitats. The movement of hyrax at that time radiated from the eastern and southeastern Karoo (our nearest population B) and is recorded as having extended northeastward along the western fringes of the Great Escarpment ( fig. 3b) -a pattern congruent, in broad geographic terms, with that reflected by the relationships in the minimum-path network ( fig. 3a) . This is similarly illustrated in the lower nucleotide diversities in populations B, E, and F (table 2 ), while other populations show normal values (Nei 1987, pp. 65 and 267 ) . While the extent of dispersal southward was not demarcated by Kolbe ( 1967) , our most southern population (A), with five different mtDNA clones detected in a sample of seven specimens, is certainly genetically more divergent than are the other assayed populations included in the south-central clade ( fig. 3a ) and may be due to a greater, although not obvious, impediment to hyrax movement to the south. Other possibilities include increased time of isolation since common ancestory and historical population subdivision in which the subdivided units did not become extinct.
In contrast to the relatively low number of mutational steps between most clones within the south-central (d = 0.9%) and northern (d = 0.32%) population groups, a marked genetic discontinuity (a = 4.05%) is clearly evident between the two major clades. This value, which is higher than the value ( dxu ) between two species of chimpanzee (Nei and Miller 1990) , could be considered suggestive of an extrinsic barrier to gene flow between the clades (Avise et al. 1984 (Avise et al. , 1987 Bermingham and Avise 1986; Saunders et al. 1986 ) . However, such a potential zoogeographic barrier between the hyrax clades is not immediately apparent. Likewise, the extinction of intermediate haplotypes, a possible causal factor in species with a wide geographic distribution and limited gene flow and dispersal capabilities, does not seem probable, because of the small geographic separation of populations H and J ( fig. 3a) . More likely is that the discontinuity reflects historic hyrax dispersal along two separate routes, with the large south-central clade following the extensive Great Escarpment and with the northern clade following the northern mountain ranges, primarily the Soutpansberg-Magaliesberg axis ( fig. 3b ).
In conclusion, the presence of a pronounced genetic discontinuity in what has conventionally been regarded as a single species, Procavia caper&, raises the possibility of two hitherto undelineated species existing within South African boundaries, but this conclusion must await further studies.
